Second malignant neoplasms (SMNs) after diagnosis of childhood acute lymphoblastic leukemia (ALL) are rare events.
INTRODUCTION
As many as one third of all deaths in childhood acute lymphoblastic leukemia (ALL) are caused by toxicities or second malignant neoplasms (SMNs). [1] [2] [3] [4] Previously reported cumulative incidences of SMNs have varied from less than 1% to 10% or more because of differences in antileukemic therapy and in duration, accuracy, and completeness of followup. 1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Partly because of their rarity, little is known about the etiology of SMNs or about the treatment options that offer the best chances of cure. 1 With the goal of improving overall survival in childhood ALL and providing guidelines for treatment, the international Ponte di Legno consortium of ALL study groups has studied uncommon subgroups of childhood ALL. [19] [20] [21] [22] [23] This is the largest study of SMNs after therapy for childhood ALL reported to date, and it presents new potential risk factors and provides survival rates for distinct subsets.
PATIENTS AND METHODS

Review of Patient Data
In the February 2010 issue of Leukemia, 16 cooperative study groups from Europe, North America, and Asia reported clinical outcomes, including the occurrence of
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SMNs, of 54,068 children and adolescents up to 21 years of age with newly diagnosed ALL enrolled onto controlled clinical trials between 1980 and 2007. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [24] [25] [26] From these 16 groups as well as from FRALLE (French Acute Lymphoblastic Leukaemia Study Group) and the childhood leukemia branch of the European Organisation for Research and Treatment of Cancer (EORTC), we collected data on individuals with SMNs to form a common database with predefined variables comprising clinical and biologic data (including cytogenetic characteristics for myeloid neoplasias) as well as outcomes (Appendix Table A1 , online only). Furthermore, we recorded clinical and biologic characteristics of their primary ALL as well as treatment given and status at latest follow-up. The data available for this study were retrieved from the groups' central ALL databases. If patient data on drug doses were unavailable, the patients were assigned the drugs and doses listed in the ALL protocols onto which they were enrolled. Accrual of data for patients with ALL who did not develop SMNs was not part of the study. The study was approved according to regional institutional review board requirements. All data were compiled at Rigshospitalet (Copenhagen, Denmark), and the database was approved by the Danish Data Protection Authorities.
Statistical Analysis
Differences in distribution of individual parameters among subsets were analyzed by using nonparametric tests. 27 Since accrual of data for patients with ALL who did not develop SMNs was not part of this study, odds ratios for SMNs in relation to specific exposures are not included. Instead, we analyzed patterns of ALL characteristics and therapy by subsets of SMNs to determine whether certain ALL subtypes or drug exposures were more prevalent within specific subsets of SMNs. Survival after an SMN was defined as time from diagnosis of the SMN to death as a result of any cause or to last follow-up. The Kaplan-Meier method was used to estimate survival rates with SEs calculated according to Greenwood.
28 Differences in survival rates were compared with the log-rank test. 29 The Cox proportional hazard model was used for selected analysis of survival after SMNs.
30 Two-sided P values below .05 were regarded as significant.
RESULTS
In all, 659 patients diagnosed with ALL between 1980 and 2007 were registered with a malignant neoplasm or a CNS tumor as the first event after diagnosis of ALL. Seventeen SMNs reported as ALL (n ϭ 12), acute undifferentiated leukemia (n ϭ 2), or myeloid malignancies with monosomy 7 (n ϭ 1) or t(9;22)(q34;q11.2) (n ϭ 2) at diagnosis of both ALL and the subsequent SMNs were excluded because the clonal relationship to the original leukemia could not be confidently verified, leaving a total of 642 study patients. Table 1 reports clinical information on the 642 SMNs by subtype. The interval between diagnosis of ALL and occurrence of SMNs was significantly associated with the subtype of SMN, being shortest for hematologic malignancies and longest for carcinomas and meningiomas (P Ͻ .001; Fig 1 and Table 1 ). Thus, among the 48 SMNs diagnosed more than 15 years from the diagnosis of ALL, 35% were meningiomas (n ϭ 15) or other CNS tumors (n ϭ 2); 31% were non-skin carcinomas (n ϭ 15), including six thyroid cancers; 15% were melanomas (n ϭ 4) or other skin cancers (n ϭ 3); and 17% were hematologic malignancies (n ϭ 5); sarcomas (n ϭ 2); or testicular cancer (n ϭ 2). Eight patients with cancer-predisposing diseases are described in Appendix Table A2 (online only).
Patterns of SMNs by ALL-Presenting Features
Although distribution of sex, age, and WBC count at diagnosis of ALL varied significantly among the major categories of SMNs for the entire cohort (Table 1) , this was not the case for the subset of 201 patients who were not irradiated and did not undergo hematopoietic stem-cell transplantation during first-line ALL treatment (P Ͼ .45 for all analyses; Appendix Table A3 , online only).
Immunophenotype
Of the 186 patients with AML and 69 patients with myelodysplastic syndrome (MDS), the ALL lineage (B-cell precursor or T-cell lineage) was available for 217 patients. When analyzing only the 192 patients who did not receive irradiation and did not receive transplantation but who did have ALL immunophenotype available, the prevalence of T-cell ALL did not differ significantly among the categories of hematologic malignancies, CNS tumors, carcinomas, and other tumors (7.8%, 10.0%, and 16.7%, respectively; P ϭ .38), but 26.6% of all patients with AML (42 of 158) and 8.5% of all patients with MDS (five of 59) initially had T-cell ALL. Patients with AML were overall more likely than those with other hematologic malignancies (n ϭ 136) to have had T-cell ALL (26.6% v 13.2%; P ϭ .005) with the same trend (10.0% v 5.6%; P ϭ .33) in the subsets of patients who did not receive irradiation and did not receive transplantation. The interval between diagnosis of ALL and SMN was significantly shorter for the 11 patients who did not receive irradiation and did not receive transplantation but who had T-cell ALL than for the 130 patients with B-cell precursor ALL who had developed hematologic malignancies (median, 1.6 v 3.0 years; P ϭ .001). Finally, 91% (10 of 11) of the patients who developed Langerhans cell histiocytosis had T-cell ALL compared with 20.4% among the other SMNs (P Ͻ .001).
Karyotype and Therapy-Related Myeloid Neoplasias
The time to develop AML was shorter than the time to develop MDS (median, 2.7 v 3.3 years; P ϭ .01), reflecting a higher proportion of 11q23/MLL rearrangements with short latency (median, 2.5 years) in patients with AML (58% v 5% of patients with MDS with an aberrant karyotype; P Ͻ .001). By contrast, treatment-related myeloid neoplasia (t-MN; ie, AML or MDS) with monosomy 7 (median interval, 3.7 years) occurred in 22% of patients with AML and in 50% of patients with MDS with an aberrant karyotype (P ϭ .002).
Among the 44 patients with t-MN with monosomy 7, 5qϪ, or 11q23/MLL rearrangements (one t-MN with both monosomy 7 and 11q23/MLL rearrangements was excluded) and an available karyotype for the ALL clone, the cytogenetic aberrations of their ALL and t-MN were highly correlated. Thus, among the 25 patients who developed 11q23/MLL-rearranged t-MN, 13 had ALL with classical recurrent translocations-t(9;22)(q34;q11.2) (n ϭ 1), t(1;19)(q23;p13.3) (n ϭ 2), t(12;21)(p13;q22) (n ϭ 8), or 11q23/MLL rearrangements (n ϭ 2 [different 11q23/MLL rearrangement in the two clones]-and six had a high hyperdiploid ALL karyotype (modal chromosome number above 50), and six had other structural and/or numeric aberrations. In contrast, among the 19 patients who developed t-MN with 5q-or monosomy 7, 10 had a high hyperdiploid ALL karyotype, three had ALL clones with one of the above-listed classical translocations, and six had other aberrations (P ϭ .03 by likelihood-ratio 2 test).
Patterns of SMNs by ALL Therapy
The pattern of SMNs was significantly influenced by the preceding ALL therapy ( Table 2 ). The 12 patients with CNS tumors who had not received CNS irradiation were diagnosed at significantly shorter intervals after ALL than the 97 patients with CNS tumors that occurred after CNS irradiation (median, 6.6 v 9.1 years; P ϭ .01). Abbreviations: ALL, acute lymphoblastic leukemia; BCP, B-cell precursor; SMN, second malignant neoplasm.
‫ء‬
In all, 87 patients were excluded because immunophenotype was not reported (n ϭ 75) or was not specified as either BCP or T-cell ALL (n ϭ 12). †Ten-year survival rate was 38.7% Ϯ 2.2%.
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Thirty-eight (76.0%) of 50 patients with t-MN with an aberrant karyotype and previous exposure to epipodophyllotoxins had 11q23/ MLL rearrangements, whereas only four (8.0%) had monosomy 7 and none had 5q-. In contrast, among the 46 patients with t-MN (52.2%) who had not been exposed to epipodophyllotoxins, 24 developed monosomy 7 (n ϭ 20) or 5q-(n ϭ 4) t-MN, and only 13 (28.3%) had 11q23/MLL rearrangements (P Ͻ .001).
Among patients who did not receive irradiation, 44 (79%) of 56 patients with solid tumors had previously received cyclophosphamide compared with 82 (57%) of 143 patients with hematologic malignancies or CNS tumors (P ϭ .005).
Among the patients who did not receive transplantation for whom data on maintenance therapy methotrexate (n ϭ 431) and mercaptopurine dosage (n ϭ 422) were available, the patients who developed t-MN received higher starting doses of methotrexate and mercaptopurine than did patients who developed other SMNs (P Ͻ .001 for both drugs), and this was the case for both CNS patients who received irradiation (P Ͻ .001 and P ϭ .001, respectively) and those who did not (P ϭ .007 and P ϭ .02, respectively). Thus, compared with patients with other SMNs, the patients who developed t-MNs were more likely to have received methotrexate starting doses of at least 25 mg/m 2 per week (45% v 28%; P Ͻ .001) and mercaptopurine starting doses of at least 75 mg/m 2 per day (52% v 29%; P Ͻ .001). Neither the distribution of the four major categories of SMNs (P ϭ .37) nor the time interval to SMN (P ϭ .84) differed significantly between patients with low (n ϭ 13; 10 by genotype and three by phenotype) versus normal (n ϭ 114) thiopurine methyltransferase activity. Among the 413 patients who did not undergo transplantation but who did have data on the total duration of therapy, 65 (31.3%) of the 208 patients with t-MN and 36 (17.6%) of the 205 patients with solid tumors had received ALL therapy for 2.5 years or longer (P ϭ .001).
Transplantation during first remission of ALL had been performed in 29 (5.7%) of the 510 ALL patients with available information. One (1.4%) of 74 patients with CNS tumors and seven (3.6%) of 193 patients with t-MN had received transplantation compared with nine (28.1%) of 32 patients with carcinomas and eight (15.4%) of 52 with other SMNs (P Ͻ .001).
Survival After SMNs
The median follow-up after diagnosis of an SMN was 4.9 years for the 292 patients who were alive at their latest follow-up. In all, 350 patients died within 20.6 years from diagnosis of an SMN (median, 0.75 years; 25th to 75th percentile: 0.4 to 1.4). The overall cumulative probability of death as a result of any cause was 59.6% Ϯ 2.1% at 5 years and 61.3% Ϯ 2.2% at 10 years after an SMN (Table 1 and Fig 2) . The 10-year cumulative incidence of death as a result of the second (n ϭ 236) or third (n ϭ 1) cancer was 41.1% Ϯ 2.1%; it was 5.6% Ϯ 1.0% for relapsed ALL (n ϭ 31), 10.4% Ϯ 1.3% for treatment-related toxicities among patients who received a transplantation (n ϭ 39) and those who did not (n ϭ 20), and 4.2% Ϯ 0.9% for unknown causes (n ϭ 23; Fig 3) . The 10-year probability of survival was 18.9% Ϯ 6.9% (n ϭ 33) for patients whose SMN occurred before 1990 (n ϭ 54), 34.8% Ϯ 2.8% (n ϭ 296) for patients with SMNs diagnosed between 1990 and 1999, and 40.9% Ϯ 6.3% (n ϭ 313) for patients diagnosed from 2000 onward (P Ͻ .001).
Hematologic Malignancies
Survival remained consistently lower for patients with AML compared with those who had MDS (P Ͻ .001). The 5-year survival estimate for AML was 11.2% Ϯ 2.9% for 125 patients diagnosed before 2000 and 34.1% Ϯ 6.3% for 61 patients diagnosed after 2000 (P Ͻ .001). For MDS, the 5-year survival was 17.1% Ϯ 6.4% for 36 patients diagnosed before 2000 and 48.2% Ϯ 10.6% for 33 patients diagnosed after 2000 (P ϭ .005). In a Cox regression model, adjusting for sex and age at diagnosis of SMNs and the use of CNS irradiation for ALL treatment, the improved outcome after 2000 was confirmed for both AML (estimated hazard ratio [HR], 0.62; 95% CI, 0.42 to 0.90; P ϭ .01) and MDS (HR, 0.30; 95% CI, 0.15 to 0.60; P Ͻ .001). The hazard of death after t-MN decreased by approximately 10% for every additional year of interval between ALL and AML (HR, 0.88; 95% CI, 0.80 to 0.96; P ϭ .004) with a similar trend for MDS (HR, 0.92; 95% CI, 0.80 to 1.06; P ϭ .23).
For 185 patients with available information on transplantation after t-MN, the 5-year survival was 30.3% Ϯ 4.4% for the 119 patients who received a transplantation and 11.4% Ϯ 4.0% for the 66 who did not (P Ͻ .001). However, with a landmark at the median waiting time to transplantation of 4.1 months from SMN diagnosis, the 5-year survival estimates for patients who had received a transplantation and those who had not did not differ (26.7% Ϯ 4.2% and 27.2% Ϯ 7.7%, respectively), 28, 31 and this was also the case for 78 patients with t-MN diagnosed in 2000 or later (42.0% Ϯ 7.6% v 46.9% Ϯ 11.5%). Among the patients with t-MN who received a transplantation, the 10-year survival for 30 patients with 11q23/MLL rearrangements (24.7% Ϯ 8.3%) did not differ significantly from that of 26 patients with monosomy 7 (28.0% Ϯ 9.0%).
Only two of the 25 patients with Hodgkin lymphoma died, both of whom were diagnosed with Hodgkin lymphoma in the 1980s. Excluding patients who received transplantation as part of their ALL therapy, the 5-year survival was 70.5% Ϯ 7.9% for the 34 patients with non-Hodgkin lymphoma diagnosed in the 1990s and 65.4% Ϯ 10.8% for the 22 patients diagnosed later (P ϭ .64). The 5-year survival was 76.9% Ϯ 8.3% for the 27 patients who had developed mature B-cell non-Hodgkin lymphoma. 
CNS Tumors
Although only one of 22 patients with meningioma died, the 5-year survival was very poor for the remaining 116 patients with brain tumors (18.3% Ϯ 3.8%), including eight patients with low-grade tumors (45.0% Ϯ 18.8%), 76 with high-grade tumors including medulloblastomas and supratentorial primitive neuroectodermal tumors (6.5% Ϯ 3.6%), and 13 unspecified glial tumors (8.5% Ϯ 8.2%). Overall survival after nonmeningioma brain tumor did not improve over time, with 5-year estimates of 19.6% Ϯ 5.5% before 2000 and 16.6% Ϯ 5.3% afterward (P ϭ .76).
Nonthyroid Carcinomas
All seven patients with basal cell carcinoma and nine with parotid gland tumors survived, and the 5-year survival for the nine patients with squamous cell carcinoma was 71.4% Ϯ 17.1%. In contrast, the overall survival for the 18 patients with other carcinomas (five, breast; four, gastrointestinal; three, liver; and one each, peritoneal, pancreas, lung, cervix uteri, urinary tract, and nasopharyngeal) was only 40.1% Ϯ 13.7% at 5 years and 0% at 10 years (P Ͻ .001).
DISCUSSION
In this study, the largest reported to date, patients with t-MN or nonmeningioma brain tumor had a poor prognosis, whereas patients with secondary meningioma, Hodgkin lymphoma, thyroid carcinoma, basal cell carcinoma, and parotid gland carcinoma had a 5-year survival exceeding 90%.
This study had some limitations since it did not allow calculations of HRs by ALL characteristics or therapy components, and it could not identify exposures that had equal influence on the risk of all major categories of SMNs. In addition, the data must be interpreted cautiously, since the completeness of recording of SMNs was influenced by the individual study groups' frequency and duration of follow-up, 1 screening strategies for thyroid carcinomas, meningiomas, or breast cancer in irradiated patients, [32] [33] [34] and linkage with population-based nationwide cancer registries. 18 The impact of such differences will be limited for secondary hematologic malignancies but will be more profound for SMNs that have long latency such as carcinomas and meningiomas. Furthermore, hematologic SMNs can be misinterpreted as relapse of ALL, and some cases of ALL and SMNs may have a common clonal origin. 35, 36 Thus, an association between T-cell ALL and histiocytosis has previously been reported, 35 ,36 and patients with early T-cell precursor ALL have been shown to have genetic profiles similar to those of patients with myeloid malignancies, 37 which could indicate a common ancestral clone for the primary and second malignancies.
The observed association between high-hyperdiploid ALL and the development of t-MN with monosomy 7/5q-has been observed in a much smaller study, 2 although the association between ALL with specific chromosomal translocations (ie, t(9;22)(q34;q11.2), t(1; 19)(q23;p13.3), t(12;21)(p13;q22)) and t-MN with 11q23/MLL rearrangements has hitherto not been reported. The more frequent use of topoisomerase II inhibitors such as epipodophyllotoxins in high-risk ALL cases with specific chromosomal translocation might have contributed to the development of t-MN with 11q23/MLL rearrangements. However, the unique gene expression profiles of ALL blast from those patients who subsequently developed SMNs, including t-MN, could also reflect inherited genetic variants 38 that could influence drug disposition (eg, glutathione S-transferases, cytochrome P-450 enzymes, quinone oxidoreductase, or the folate pathway 39, 40 ) or be related to cancer predisposition syndromes. International collaboration with extensive mapping of host genomic variants could be instrumental in identifying subsets of patients with ALL with genetic predispositions for whom modification of first-line ALL therapy or individualized follow-up should be offered.
This study supports previously reported associations of t-MN with higher mercaptopurine dosages during maintenance therapy and longer duration of therapy. Some study groups that offer a maintenance therapy mercaptopurine starting dose of 75 mg/m 2 have found an association between an increased risk of SMN and low-activity thiopurine methyltransferase genotypes or phenotypes. 2, 41 Notably, others who used a mercaptopurine starting dose of only 50 mg/m 2 failed to find such an association. 42 The linkage between thiopurine therapy and risk of SMN may reflect that these anticancer agents, when given at high dosage or for an extended period, may interfere with DNA repair rather than directly induce mutations. 41, 43 Accordingly, the omission or interruption of maintenance therapy for patients who received a transplantation as part of their ALL therapy may explain why very few patients with brain tumor or t-MN in this cohort had received transplantation. Overall, the risk of relapse if mercaptopurine/methotrexate-based maintenance therapy is truncated 44 is far higher than the risk of t-MN indicated by this and previous studies. The goal for future research is thus to identify patients with a clearly excessive risk of t-MN and consider treatment modification only for such a limited patient subset.
Patients with t-MN have had significant improvements in survival over the last few decades, but the cure rates are still below those obtained by the best treatment protocols for primary AML. 45 Although the survival of patients with t-MN who did not receive transplantation was only 11.4% Ϯ 4.0%, the study did not support that hematopoietic stem-cell transplantation would be beneficial for these patients when the data were adjusted for the waiting time to transplantation. Thus, future studies of this important issue, including the impact of t-MN cytogenetics, are needed.
It is uncertain whether the extremely poor survival rate for CNS tumors, the vast majority of which developed after CNS irradiation, reflects a more aggressive biology, difficulties in performing complete tumor resection in previously irradiated regions, limitations in irradiating previously irradiated regions, or a pessimistic attitude toward curative therapy for such patients. Because this subset is the second most common SMN among survivors of childhood ALL and is overall one of the most common SMNs after a childhood cancer, 18 a review of patients' records of these tumors is needed to explore these issues in depth. Although the cure rates for some SMNs were as favorable as those obtained for their primary cancer counterparts, future strategies should continue to focus on prevention of SMNs. Thus, the frequency of secondary brain tumor is expected to fall dramatically during the coming decades with the reduced use of CNS irradiation in first-line ALL therapy, 46 and given the few patients on contemporary protocols who are exposed to epipodophyllotoxins, the risk of 11q23/MLLrearranged t-MN is likely to be lower in future childhood ALL cohorts. 
